Introduction {#s1}
============

Alternative Splicing (AS) is a eukaryotic-specific cellular mechanism that increases the diversity of mRNA and allows for the production of multiple proteins from one gene. As many as 40 to 90% of all human genes are estimated to be alternatively spliced [@pgen.1002998-Johnson1]--[@pgen.1002998-Pan1], implicating this process in key aspects of biological complexity. AS has been found to play a role in developmental regulation [@pgen.1002998-Graveley1], differentiation [@pgen.1002998-Gabut1] and even in neuronal vulnerability [@pgen.1002998-Polymenidou1]. Furthermore, AS is a biological system that leads to the production of tissue-specific and disease-specific expressed mRNA isoforms and may be a contributing factor to differences in normal and pathological physiology [@pgen.1002998-Wang1], [@pgen.1002998-Venables1], [@pgen.1002998-Barash1].

Alternative splicing is guided by the proper recognition of splice sites that allow for the removal of introns from mature mRNA. Intronic splicing enhancers (ISE), exonic splicing enhancers (ESE), intronic splicing silencers (ISS), and exonic splicing silencers (ESS) regulate the intron excision process by assisting in the recognition of the correct splice site to generate in the correct combination of exons in the final mRNA. Therefore, genetic variation in cis-acting splicing regulatory elements (SREs: ISE, ESE, ISS, and ESS) may lead to aberrant intron excision [@pgen.1002998-Gaildrat1], resulting in exon skipping and varying protein products. Ultimately, the altered proteins may affect phenotypic traits and have been implicated in tumor progression and susceptibility to cancer [@pgen.1002998-Venables1], [@pgen.1002998-Venables2]--[@pgen.1002998-AllendeVega1]. Recently, two studies have demonstrated that altered splicing patterns might be even more important than expression changes in determining risk for complex human trait [@pgen.1002998-Yu1], [@pgen.1002998-Heinzen1]. Furthermore, exon skipping interventions have been developed as potential molecular therapies for Duchenne Muscular Dystrophy [@pgen.1002998-Yin1]--[@pgen.1002998-vanDeutekom1] and effects of statins on alternative splicing have been suggested to contribute to efficacy variation in cardiovascular disease treatment [@pgen.1002998-Medina1].

Recently, intronic SNPs have been shown to be associated with AS events [@pgen.1002998-Medina1]--[@pgen.1002998-Narla1], which has initiated a new era of research that focuses on investigating how intronic SNPs affect alternative splicing. Importantly, previous studies have suggested that 15--50% of all human heritable disease may be affected by mutated canonical splice sites (GT...AG) or splicing regulatory elements [@pgen.1002998-Caceres1]--[@pgen.1002998-SterneWeiler1]. Additionally, Genome Wide Association Studies (GWAS) have identified large numbers of intronic SNPs with significant and reproducible associations to diseases or traits. Furthermore, various high throughput data analyses, including exon tiling microarray [@pgen.1002998-Kwan1], RNA-Seq [@pgen.1002998-Pickrell1] and whole exome sequencing [@pgen.1002998-Heinzen1], [@pgen.1002998-Cirulli1], have been designed to identify polymorphisms that have their effect primarily through alternative splicing. Most studies to date, however, have considered only the identification of genetic determinants of AS and have not focused on how these variations affect the alternative splicing machinery.

Here we hypothesize that the molecular roles of intronic SNPs in AS could be investigated by exploring their occurrences in ISEs, providing possible mechanistic links to their biological functionality. To investigate our hypothesis, we extend our previous work [@pgen.1002998-Duan1] to analyze exon-level expression microarrays of 176 HapMap lymphoblastoid cell lines (LCLs) which we combine with sequence-derived AS modeling data. We demonstrate significant enrichment of AS-associated intronic SNPs among the trait-associated SNPs identified through GWAS cataloged in the NHGRI web site (<http://www.genome.gov/gwastudies> [@pgen.1002998-Hindorff1]) and examine the biological function of the skipped exons by accounting for the location of the skipped exons in coding sequences and protein domains.

Results {#s2}
=======

Study Design {#s2a}
------------

[Figure 1](#pgen-1002998-g001){ref-type="fig"} illustrates the study design and describes the five main components of the study, two for resource preparation processes and one each for data integration, analysis of genetic variations and evaluation of biological consequences. The main resource for identifying alternatively spliced exons was compiled using two data sources produced by high-throughput genome-wide techniques: 1) sequence-derived computed data and 2) expression-derived experimental data. Putative alternatively spliced exons were predicted using a sequence data-driven alternative splicing model ([Figure 1A](#pgen-1002998-g001){ref-type="fig"}). We determined the genomic locations of ISEs by scanning the intronic regions nearby intronic SNPs for putative ISE motifs (6-mer in length) [@pgen.1002998-Yeo1]. We then bioinformatically verified that the nearest exon on either side of an intronic SNP located within an ISE is skipped in at least one transcript isoform. Exon-level expression and cis-expression quantitative trait loci data (cis-eQTL, see [Materials and Methods](#s4){ref-type="sec"}) were obtained from our previous work with HapMap LCLs (87 Utah residents with Northern and Western European ancestry (CEU) and 89 Yoruba from Ibadan, Nigeria (YRI) [@pgen.1002998-Duan1], [@pgen.1002998-Gamazon1] ([Figure 1B](#pgen-1002998-g001){ref-type="fig"}). Combining sequence-based predictions of exon skipping and ISEs and exon array-based experimental expression data not only defines the regulatory relationship between ISE SNPs and exon skipping events but also identifies experimentally validated exon skipping events ([Figure 1C](#pgen-1002998-g001){ref-type="fig"}). AS model-derived exons were mapped to exons present on the Affymetrix GeneChip Human Exon 1.0 ST microarray arrays and annotated as an identical exon when, based on physical genomic coordinates for exon start and exon end, more than 95% of the length of an exon in the exon array overlapped with more than 90% of the length of an exon identified in the AS model. This analysis resulted in 74 alternatively spliced exons and 151 ISE SNPs. A splicing index (SI, see [Materials and Methods](#s4){ref-type="sec"}) was developed to determine which exons were alternatively skipped in each individual. By analyzing the resultant set, we sought to provide possible mechanistic insight into the functional effects of genetic variations in ISE sites that may be associated with variability of individual exon skipping ([Figure 1D](#pgen-1002998-g001){ref-type="fig"}) and eventually to improve our ability to annotate SNPs involved in alternative splicing ([Figure 1E](#pgen-1002998-g001){ref-type="fig"}).

![Illustration of Study Design.\
The main resource for identifying alternatively spliced exons was compiled using two data sources produced by high-throughput genome-wide techniques: sequence-derived computed data and expression-derived experimental data. (A) Sequence-derived computed data: putative alternatively spliced exons were predicted using a sequence data-driven alternative splicing model and the genomic locations of ISEs which were identified by scanning the intronic regions near intronic SNPs for putative ISE motifs (6-mer in length, see [Materials and Methods](#s4){ref-type="sec"}). (B) Expression-derived experimental data: exon-level microarrays and cis-expression quantitative trait loci data (cis-eQTL, p\<0.01, [Materials and Methods](#s4){ref-type="sec"}) were obtained from our previous work with HapMap LCLs (87 Utah residents with Northern and Western European ancestry (CEU) and 89 Yoruba from Ibadan, Nigeria (YRI)). (C) Experimental data (panel B) was integrated in order to not only verify predicted exon skipping events from AS modeling data (panel A) but also to identify regulatory relationships between ISE SNPs and putative exon skipping events. (D) We investigated SNP associations with SI using an additive model and the allele associated with an increase in exon skipping. (E) Potential functionality of genetic variations was computationally evaluated by investigating the protein domains encoded by skipped exons and thus the impact on the protein function.](pgen.1002998.g001){#pgen-1002998-g001}

Exon-Skipping ISE SNPs Are Significantly Enriched among Human Trait-Associated SNPs {#s2b}
-----------------------------------------------------------------------------------

We examined ISE SNPs, i.e. SNPs that we predicted to be within ISE motifs (6-mer in length and adjacent to predicted skipped exons) that are associated with exon skipping (denoted as ES ISE SNPs) in order to gain insight into the functionality of AS associated intronic SNPs. In total, 3,353 SNPs reproducibly associated with complex human traits from the NHGRI catalog (<http://www.genome.gov/gwastudies>) [@pgen.1002998-Hindorff1] were tested for enrichment for the predicted ISE SNPs (see [Materials and Methods](#s4){ref-type="sec"}). Among the 3,353 trait-associated SNPs, 111 overlapped with our predicted ISE SNPs (n = 448,515), an enrichment that is significantly greater than expected by chance given the minor allele frequency (MAF) distribution of the trait-associated SNPs (p = 0.006, [Figure S1](#pgen.1002998.s001){ref-type="supplementary-material"}, [Table S1](#pgen.1002998.s005){ref-type="supplementary-material"}). Furthermore, to determine whether this finding is confounded by the distance to the nearest exon, we repeated the enrichment analyses while conditioning on both MAF and the distance to the nearest exon. The enrichment of ISE SNPs for trait-associated SNPs held robustly (p = 0.036, [Figure 2A](#pgen-1002998-g002){ref-type="fig"}).

![Enrichment of Exon Skipping--Associated ISE SNPs among Complex Human Trait-Associated SNPs.\
(A) The distribution of the number of predicted exon-skipping ISE SNPs observed for each of the 1,000 random draws of the 3,353 SNPs from bins matched for minor allele frequency (MAF, CEU) and matched on the distance to the nearest exon (of the 3,353 human-trait associated SNPs downloaded from the NHGRI catalog) is shown in the bar graphs. The actual number of 111 predicted exon-skipping ISE SNPs observed in the 3,353 SNPs from the NHGRI catalog is shown as a solid asterisk. The distance to the nearest exon of intronic SNPs was calculated using Ensembl Gene predictions (ensGene.txt.gz) and the SNP annotation file (snp129.txt.gz) downloaded from the UCSC genome browser, <http://hgdownload.cse.ucsc.edu/goldenPath/hg18/database/>. For the distance to the skipped exon of ISE SNPs, we used exon skipping events from Ensembl Gene predictions. (B) The distribution of the number of predicted exon-skipping ISE SNPs observed for each of 1,000 draws of 49 SNPs from bins matched for MAF to the 49 SNPs associated with human tissue specific exons identified by Heinzen et al. [@pgen.1002998-Heinzen1] (bins include all SNPs in HapMap, CEU) is shown in the bar graphs, with the actual number of 6 predicted exon-skipping ISE SNPs observed in the 49 from Heinzen et al. shown as a asterisk.](pgen.1002998.g002){#pgen-1002998-g002}

Subsequently, we examined 49 tissue-specific trait-associated SNPs derived from splicing quantitative trait locus (sQTL) analyses [@pgen.1002998-Heinzen1]. As illustrated in [Figure 2B](#pgen-1002998-g002){ref-type="fig"}, among the 49 tissue-specific trait-associated sQTL SNPs, we found that 6 were recapitulated in our ISE SNPs, which is also more than expected by chance (p\<0.001) given the MAF distribution of the trait-associated sQTLs. These results confirm that variants affecting alternative splicing may indeed play a role in the genetic component of complex diseases and related quantitative traits. Our data suggest that a subset of the trait-associated intronic variants affect phenotype by altering splicing enhancers.

Exon-Skipping ISE SNPs Are Likely to Be Cis-eQTLs {#s2c}
-------------------------------------------------

We obtained the set of 151 ISE SNPs associated with 74 putative skipped exons that resulted from integrating the experimental exon-array data with our *ab initio* data. An enrichment analysis validated the hypothesis that these 151 exon-skipping ISE SNPs were enriched for cis-eQTL SNPs (p\<0.001, [Figure 3](#pgen-1002998-g003){ref-type="fig"}). Indeed, 68 ISE SNPs were found to overlap with cis-eQTL SNPs, which is a significantly higher number than expected, from intronic SNPs, by chance given the MAF distribution of the exon-skipping ISE SNPs. When we conditioned on both MAF and distance to nearest exon, the level of enrichment was more pronounced (p\<0.001). Thus, there is robust support for the conclusion that exon-skipping associated ISE SNPs are more likely than expected to be cis-eQTLs.

![Enrichment of Exon Skipping--Associated ISE SNPs among cis-eQTL SNPs.\
Predicted exon-skipping ISE SNPs are enriched among cis-eQTL SNPs (p\<0.001). The distribution of the number of predicted exon-skipping ISE SNPs observed for each of 1,000 draws of 68 SNPs from bins matched for minor allele frequency (MAF, CEU) to the cis-eQTL SNPs is shown in the bar graphs, with the actual number of 68 predicted exon-skipping ISE SNPs observed in the cis-eQTL SNPs shown as a solid asterisk.](pgen.1002998.g003){#pgen-1002998-g003}

ISE SNPs Are Correlated with Higher Levels of Exon Skipping {#s2d}
-----------------------------------------------------------

Having shown that SNPs within ISE motifs are enriched for cis-eQTLs, we systematically investigated their correlation with exon skipping events. We hypothesized that inter-individual variability in exon skipping could be explained by the genotypes at these SNPs. We therefore tested whether these ISE SNPs might "disrupt" the ISE motif sequence resulting in the loss of ISE function and, consequently, contributing to greater variability in the rate of exon skipping events. The SI is a statistic developed to identify exons with inclusion rates that differ from the expected value for the given gene (see [Materials and Methods](#s4){ref-type="sec"}). [Figure 4](#pgen-1002998-g004){ref-type="fig"} shows the most significant SNP associations with SI using an additive model and the allele associated with an increase in exon skipping (p\<0.05 (FDR\<10%), R^2^\>0.03). The latter is referred to as the "exon skipping associated ISE allele", which in [Figure 4](#pgen-1002998-g004){ref-type="fig"} is identified with an asterisk.

![Candidate ISE SNPs Associated with an Increase in Exon Skipping.\
The y-axis is the absolute value of 1 minus SI (\|1-SI\|); here, a higher level of \|1-SI\| corresponds to a higher level of exon skipping. The allele with an asterisk showed an association with increased exon skipping. In the case of the SNP rs339408 (with alleles A/G), the G allele is located within three ISE motifs, namely at the second, third, and fourth site of AGGGAT, CAGGGA, and TCAGGG, respectively, but the A allele is the exon skipping associated ISE allele (A). In the case of the SNP rs6436071 (A/T), the T allele participates in two ISE motifs, namely at the second and third site of CTTGGC and GCTTGG, respectively (B). In the case of rs1265112 (A/G), the A allele is located at the fourth site in the CACACT ISE motif but the G allele is the exon skipping associated ISE allele (C). Finally, for rs12599391 (C/T), the T allele is located at the 3rd site of the AATTGT ISE motif but the C allele is the exon skipping associated ISE allele (D).](pgen.1002998.g004){#pgen-1002998-g004}

Biological Consequences of Skipped Exons {#s2e}
----------------------------------------

We sought to further investigate the biological consequences of exon skipping on protein function. We selected 30 experimentally verified skipped exons that are skipped in more than 18 individuals (top 10% of 176 individuals ordered by SI) corresponding to 73 ISE SNPs and we examined their locations such as in coding regions, untranslated regions (UTRs), or protein function-related regions ([Table 1](#pgen-1002998-t001){ref-type="table"}). Of the 30 exons, 73% (22 exons) were located in coding regions, and 10% (3 exons) in 5′ UTRs. Among exons located in coding regions, only one exon was not located in a known domain. As described in [Table 1](#pgen-1002998-t001){ref-type="table"}, 67% of the skipped exons (20 out of 30) were located in protein domains, transmembrane helix or coiled-coil regions, suggesting that these skipped exons are likely to have biological consequences [@pgen.1002998-Bowcock1], [@pgen.1002998-LangoAllen1]. More specifically, it has been reported that alternatively skipped exons are involved in or affect secondary structure and thus affect protein interactions with other protein partners or ligands [@pgen.1002998-Bishop1]. Consistent with computational approaches that estimated that more than 50% of alternatively spliced regions in the human transcriptome affect protein interaction sites and more than 65% showed significant alteration in protein 3D structure [@pgen.1002998-Bowcock1], our study shows that 70% of skipped exons map to biologically functional regions.

10.1371/journal.pgen.1002998.t001

###### Protein Domains for Skipped Exons.

![](pgen.1002998.t001){#pgen-1002998-t001-1}

  Exon ID[a](#nt101){ref-type="table-fn"}    Exon Gene                        Possible Functional Region Affected by Skipped Exon                         Skipped Exon in Protein   Protein ID (Ensembl)
  ----------------------------------------- ----------- ------------------------------------------------------------------------------------------------ ------------------------- ----------------------
  3598207                                     ANKDD1A                                        ankyrin repeat Domain                                                   3                ENSP00000369579
  2562713                                      IMMT                                   Mitochondrial inner membrane protein                                           3                ENSP00000387262
  3707650                                     RABEP1                                         Coiled coil (Rabaptin)                                                  2                ENSP00000262477
  3070669                                     NDUFA5                                 ETC complex I subunit conserved region                                          3                ENSP00000347988
  3818521                                     TRIP10                   Extended Fer-CIP4 homology (EFC)/FCH-BAR (F-BAR) homology domains                             4                ENSP00000320493
  3738916                                     NARF\*                         Iron only hydrogenase large subunit, C-terminal domain                                  3                ENSP00000309899
  3655189                                      SPNS1                                     Major Facilitator Superfamily                                               8                ENSP00000309945
  3486745                                    SLC25A15                                     Mitochondrial solute carrier                                               3                ENSP00000342267
  3434770                                      P2RX4                                           P2X purinoreceptor                                                    7                ENSP00000336607
  3434779                                      P2RX4                                           P2X purinoreceptor                                                    4                ENSP00000336607
  3190947                                     PPP2R4                           Phosphotyrosyl phosphate activator (PTPA) Protein                                     3                ENSP00000337448
  3104339                                     FAM164A                                   Proline rich extensin signature                                              6                ENSP00000263849
  2905490                                      RNF8                                            RING finger domain                                                    7                ENSP00000362578
  2608551                                      ITPR1     Ryanodine receptors (RyR) and inositol 1,4,5-trisphosphate receptors (IP3R)Homology associated             21                ENSP00000306253
  2608576                                      ITPR1     Ryanodine receptors (RyR) and inositol 1,4,5-trisphosphate receptors (IP3R)Homology associated             33                ENSP00000306253
  2608644                                      ITPR1     Ryanodine receptors (RyR) and inositol 1,4,5-trisphosphate receptors (IP3R)Homology associated             50                ENSP00000306253
  2608545                                      ITPR1     Ryanodine receptors (RyR) and inositol 1,4,5-trisphosphate receptors (IP3R)Homology associated             18                ENSP00000306253
  3836779                                      PPP5C                      Serine/threonine phosphatases and Tetratrico peptide repeat                                5                ENSP00000012443
  2826576                                     CSNK1G3                                  Tyrosine kinase, catalytic domain                                             3                ENSP00000334735
  3674313                                      CDK10                                   Tyrosine kinase, catalytic domain                                             2                ENSP00000338673

Affymetrix Exon Identifier.

To characterize the structural differences that may arise from the skipped exons, we selected 4 genes (*RNF8*, *SLC25A15*, *PPP5C*, *NARF*) from [Table 1](#pgen-1002998-t001){ref-type="table"}, each with a pair of known transcript isoforms that differ in the inclusion of a given exon according to Ensembl database [@pgen.1002998-Flicek1]. For each gene, we conducted a three-dimensional protein structure comparison of the pair of transcript isoforms. [Table S2](#pgen.1002998.s006){ref-type="supplementary-material"} shows the C-score (see [Materials and Methods](#s4){ref-type="sec"}) for each transcript isoform included in the analysis and the RMSD and TM-scores (see [Materials and Methods](#s4){ref-type="sec"}) that quantify the structural similarity of the pair of transcript isoforms for any given gene. In *PPP5C* and *NARF*, the skipped exon is not likely to induce structural difference, as the corresponding pair of isoforms shows substantial structural similarity (RMSD = 0.66 Å, TM-score = 0.739 for *PPP5C* and RMSD = 2.37 Å, TM-score = 0.809 for *NARF*). However, in the pair of *RNF8* and *SLC25A15* transcript isoforms, the skipped exon is likely to induce structural difference, as the structure models of the *RNF8* and *SLC25A15* isoforms differ, as quantified by the high RMSD (7.34 Å for *RNF8*, 3.57 Å for *SLC25A15*) and low TM-score (0.199 for *RNF8*, 0.354 for *SLC25A15*). In summary, of four genes in which exons appear to be skipped, two of the genes (i.e., *RNF8* and *SLC25A15*) yielded evidence for differences in the 3D structures for the protein with and without the skipped exon. [Figure 5](#pgen-1002998-g005){ref-type="fig"} illustrates the structural alignment of the pairs of transcript isoforms for *SLC25A15* (panel A) and for *RNF8* (panel B).

![Structural Alignment of Pairs of Transcript Isoforms.\
(A) *SLC25A15* (B) *RNF8*. *SLC25A15* and *RNF8* show differences in the 3D structures for the protein with and without the skipped exon. The structural difference is quantified by RMSD and TM-score.](pgen.1002998.g005){#pgen-1002998-g005}

Other Dominant Genetic Variations and SREs May Act Together to Regulate Exon Skipping {#s2f}
-------------------------------------------------------------------------------------

While investigating the regulatory relationship between the ISE variants and exon-skipping events, we observed two exceptional phenomena in our exons. Some individuals were found who carried the exon skipping associated ISE allele but did not undergo exon skipping. Interestingly, we found that each of these alleles was present in multiple ISE motifs. Four such SNPs among our findings are shown in [Figure S2](#pgen.1002998.s002){ref-type="supplementary-material"}. In each case, the SNP differs with regard to position in the motif. This finding suggests that these SNPs may be related to retention or gain of ISE motifs. Furthermore, we reasoned that this phenomenon may be also due to one of the following: 1) ESEs may exist in these exons, 2) splice sites of these exons may be canonical (strong) sequences (GT...AG) or 3) other genetic variations may exist that more dominantly affect the ISS or ESS motifs related to the exon. A second exceptional observation was that some individuals did not carry an exon skipping associated ISE allele but still underwent exon skipping according to their SI. While anomalous, this exon might be skipped for one of the following possible reasons: 1) ESSs may exist in this exon, 2) the splice site of the exon may be a non-canonical (weak) sequence, or 3) other genetic variations may exist that more dominantly affect the ISE or ESE motifs related to the exon.

ISE SNPs Are Less Likely to Be Closer to the Affected Exon Than Intronic SNPs Are, in General, to Nearest Exon {#s2g}
--------------------------------------------------------------------------------------------------------------

As the distance between ISE SNPs and the adjacent exons that they regulate may be very broad in range, we examined sets of ISE SNPs found within the following physical distances from their closest associated skipped exon: \<60 bp, 200 bp, 1 Kbp, and 5 Kbp. We observed that the enrichment of complex trait associated SNPs among ISEs is uncorrelated with physical distance from the skipped exon\'s splice site junction and is consistent in all distance groups ([Figure 6](#pgen-1002998-g006){ref-type="fig"}).

![No Difference in Enrichment of Human Complex Trait-Associated SNPs among ISE SNPs Classified According to Physical Distance from the Associated Alternatively Skipped Exon\'s Splice Site Junction.\
The distribution of the number of predicted exon-skipping ISE SNPs observed for each of the 1,000 random draws of the 3,358 SNPs from bins matched for minor allele frequency (MAF, CEU) to the 3,358 SNPs downloaded from the NHGRI catalog (bins include all SNPs in HapMap, CEU) is shown in the bar graphs. A solid asterisk represent the actual number of 4, 11, 21, and 49 predicted exon-skipping ISE SNPs away from the associated skipped exon within the tested distances as shown in panel A, B, C, and D, respectively.](pgen.1002998.g006){#pgen-1002998-g006}

This raises the hypothesis that ISE SNPs (as function-implicated SNPs) are more proximal to the affected skipped exon than intronic SNPs in general are to the nearest exon. We found that the ISE SNPs are closer to the nearest exon than intronic SNPs in general, and indeed ISE SNPs and intronic SNPs have significantly different distributions of distance to nearest exon (p\<2.2e-16, a two-sample Kolmogorov-Smirnov (KS) Test, [Table 2](#pgen-1002998-t002){ref-type="table"}, [Figure S3](#pgen.1002998.s003){ref-type="supplementary-material"}). Unexpectedly, the skipped exons are farther from ISE SNPs than are the intronic SNPs from their nearest exon (with significant difference between the two distributions, p\<2.2e-16, a two-sample KS Test); furthermore, the affected skipped exon for ISE SNPs is, in general, not the same as the nearest exon (and indeed, there is a significant difference between the distribution of distance to nearest exon and the distribution of distance to the skipped exon, p\<2.2e-16, a two-sample KS Test). We observed similar findings for trait-associated SNPs (as curated in the NHGRI GWAS catalog). The skipped exons are farther from trait-associated ISE SNPs than are the trait-associated intronic SNPs from the nearest exon (p = 0.018, a two-sample KS Test, [Figure 7](#pgen-1002998-g007){ref-type="fig"}).

![ISE SNPs in NHGRI Catalog Are Likely to Be Farther from Skipped Exon than Intronic SNPs in NHGRI Catalog Are from Nearest Exon.\
P-value was calculated by using a two-sample Kolmogorov-Smirnov Test.](pgen.1002998.g007){#pgen-1002998-g007}

10.1371/journal.pgen.1002998.t002

###### Distance to the Nearest Exon of Intronic SNPs Tends to Be Smaller Than the Distance to the Skipped Exon of ISE SNPs.

![](pgen.1002998.t002){#pgen-1002998-t002-2}

  Tested Exons and SNPs Category                                       Mean (bp)   Median (bp)   SD (bp)
  ------------------------------------------------------------------- ----------- ------------- ---------
  dbSNP129                                                                                      
  Distance to the nearest exon of intronic SNPs in dbSNP129              15655        4103        33620
  Distance to the nearest exon of ISE SNPs in dbSNP129                   13520        3934        28815
  Distance to the skipped exon of ISE SNPs in dbSNP129                   44212        13785       94435
  Human Trait-SNPs (NHGRI GWAS)                                                                 
  Distance to the nearest exon of intronic SNPs in Human Trait-SNPs      12505        3095        26718
  Distance to the nearest exon of ISE SNPs in Human Trait-SNPs           10177        3022        17863
  Distance to the skipped exon of ISE SNPs in Human Trait-SNPs           14859        7111        18325

The upper 3 rows show the general distribution of the distance to the nearest exon of all intronic SNPs and the distance to the skipped exon of the ISE SNPs ([Figure S3](#pgen.1002998.s003){ref-type="supplementary-material"}). The bottom 3 rows show the distribution of the distance to the nearest exon of trait-associated intronic SNPs and distance to the nearest exon of trait-associated ISE SNPs ([Figure 7](#pgen-1002998-g007){ref-type="fig"}).

Case Study: SNP rs12924138 Affects an Alternatively Spliced Exon in CDK10 and Is Associated with Human Disease Phenotype {#s2h}
------------------------------------------------------------------------------------------------------------------------

The SNP rs12924138 (G/T) is located in the 1^st^ intron of *CDK10* gene and was found to be associated with the skipping of the 2^nd^ exon in CDK10 ([Figure S4A](#pgen.1002998.s004){ref-type="supplementary-material"}). As illustrated in [Figure S4B](#pgen.1002998.s004){ref-type="supplementary-material"}, the T allele of rs12924138 was predicted to be in an ISE motif (AGGCCTG). However, the 6-mer sequence having the G was no longer an ISE motif. The GG genotype showed a higher level of exon skipping, as quantified by the SI, than the GT (p = 0.011, non-paired and two-tailed t-test) and TT (p = 0.009, non-paired and two-tailed t-test) genotypes ([Figure S4C](#pgen.1002998.s004){ref-type="supplementary-material"}). We observed another SNP (rs258322) that is also near the skipped exon. As shown in [Figure S4A](#pgen.1002998.s004){ref-type="supplementary-material"}, rs258322 is downstream of this exon and is in LD with rs12924138 (*r* ^2^ = 0.331, D′ = 1, LOD = 6.78, HapMap CEU). The SNP rs258322 is known to be associated with melanoma [@pgen.1002998-Bishop1], but was not found to be an ISE SNP. The affected exon (i.e., the skipped 2^nd^ exon) might exert its functional consequence by being the first exon included in the "Tyrosine kinase, catalytic domain" of CDK10. Furthermore, CDK10 has been identified to play a role in cell cycle regulation and is located in a locus (16q24) harboring SNPs associated with melanoma risk [@pgen.1002998-Bishop1].

Discussion {#s3}
==========

Rapid advances in high-throughput techniques have led to a deluge of biological datasets of a variety of types, including sequence, expression, structure, and ontology. One of our primary goals in this study was to develop an approach for integrating heterogeneous datasets and combining genome-wide associations studies with functional genomics. We developed a systematic approach to provide mechanistic or functional insight into how SNPs might affect alternative splicing and conversely to increase our understanding of the genetic regulation of alternative splicing. We investigated the functional implications of intronic SNPs on splicing regulatory elements that enhance splicing junction recognition, cause protein domain changes or are thought to contribute to human traits or diseases. Taken together, our results provide a primary resource for characterizing the functional role of genetic variations in the etiology of complex human traits or diseases. Additionally, we contribute to the compendium of primary functional knowledge of intronic SNPs. This latter point is particularly important as we move toward analyzing complex human disease sequence data, in which the knowledge of functional variants, including those involved in alternative splicing, will be key to making progress given the sea of genetic variations to be examined.

ISEs assist in splice-site recognition of adjacent exons and promote exon inclusion. ISE splicing control is dependent on many variables including variation in intron length, the density of ISEs in a given intron [@pgen.1002998-Yeo1], and the strength of 5′/3′ splice sites sequences. Non-traditional splicing regulation may also occur without known splicing regulators [@pgen.1002998-Yu1], [@pgen.1002998-Graveley2]. Furthermore, the relative position of the ISE to the downstream 5′ splice site has been shown to vary from 6 to 500 nucleotides [@pgen.1002998-Baraniak1], [@pgen.1002998-Fagnani1], [@pgen.1002998-Huh1], [@pgen.1002998-Jin1], [@pgen.1002998-Lim1], [@pgen.1002998-Minovitsky1], [@pgen.1002998-Ponthier1], [@pgen.1002998-Underwood1], [@pgen.1002998-Zhang1], [@pgen.1002998-Zhu1] and some ISEs with UGCAUG motifs may be more than a kilo-base downstream [@pgen.1002998-Genetta1], [@pgen.1002998-Guo1].

Multiple distances (\<60 bp, 200 bp, 1 Kbp, and 5 Kbp) between ISE and adjacent skipped exons were tested to determine if a particular distance exists in which the contained ISE SNPs are more likely to be human complex trait associated-SNPs, as defined by their inclusion in the NHGRI GWAS catalog ([Figure 6](#pgen-1002998-g006){ref-type="fig"} and [Table 2](#pgen-1002998-t002){ref-type="table"}). The observation that all distance boundaries for ISE-associated SNPs were found to exhibit enrichment of trait associated SNPs supports the claim that ISEs do not require proximity to their associated splice site in order to be efficacious. Thus their mechanism of action may extend beyond attracting splicing machinery to include other mechanisms not yet considered in this study. Additionally, this evidence may suggest the need for extended ISE motif predictions and analyses that include genomic regions that are farther from their exon of interest.

At the cellular level, the splicing regulatory mechanism is a multifaceted biological process that causes splicing to occur, initiated by splice site recognition and guided by SREs. The components of the spliceosome are then recruited to the correct splice junction, branch point or other splicing loci. However, while many elements that affect the splicing code have been identified, their combinatorial effects have yet to be comprehensively characterized. Since our study focuses only on ISE associated SNPs, it is important to mention this is a simplification and that ISEs are believed to work in conjunction with other SREs (ESS, ESE and ISS). This mechanism depends on the relative strength of the regulatory elements themselves, the strength or weakness of the actual splice site and the lengths of their associated introns/exons. Their synergistic antagonism or protagonism is believed to be contextual in that it relates not only to their sequence location but also to the relative location or existence of other SREs. The enhancer and silencer characteristics of these additional elements could be explored in a future study utilizing the method put forth in this paper.

Alternative splicing events have been shown to disrupt entire protein domains [@pgen.1002998-LangoAllen1] and most often affect certain protein kinase domains and coiled-coil sequences embedded in transmembrane area [@pgen.1002998-Liu1]. Here, we evaluated the functional impact of alternative splicing on each relevant protein as aberrantly skipped exons can disrupt protein domains fully or partially or affect their final structure and function if the disruption is present in a critical area for biological activity, affinity or folding [@pgen.1002998-Bishop1]. To this end, experimentally verified skipped exons that are regulated by intronic SNPs were investigated using protein domain analyses which provide a systematic molecular basis for determining how intronic SNPs affect their resultant AS variants. This analysis was also used to infer the functionality of intronic SNPs whose role in affecting final protein products has otherwise remained elusive.

Alternatively, exon-skipping events can further affect protein functionality if the excised piece of DNA is of a length that is not an exact multiple of 3. In this case, it is possible that all the exons downstream from the skipped splice junction would be greatly affected as their reading frame is shifted. This change can produce an entirely different amino acid sequence and may introduce premature termination codons, which (depending on where in the gene this occurred) could lead to nonsense-mediated decay (NMD) [@pgen.1002998-Lewis1]. Thus, even though ISE SNPs are, by definition, not contained within a protein-coding region, such polymorphisms have the potential to cause physical changes in the resultant protein apart from the loss of an exon through reading frame.

Exon skipping is the first alternative splicing (AS) mode accounting for 40% of AS events in higher eukaryotes [@pgen.1002998-Alekseyenko1], [@pgen.1002998-Sugnet1]. Alternative 3′/5′ splice sites and intron retention are the second (18.4%) and third (7.9%) most common types, respectively. It has been shown that the exon array (Affymetrix GeneChip Human Exon 1.0 ST Array) is more useful for investigating exon skipping and retained intron events than other types of AS events such as alternative 5′/3′ intron splice site and alternative polyadenylation sites [@pgen.1002998-Ha1]. For this reason, the current study focused on analyzing exon skipping events.

In our study, this small set of experimentally validated skipped exons was tested to explain the possible functional mechanisms of intronic SNPs impacting exon skipping events. A larger data set of experimentally validated skipped exons and ISE SNPs should be studied in the future. Additionally, to further characterize inter-individual variability in exon skipping, individual sequence data should be integrated with our approach to investigate other SNPs located in the 5′ and 3′ splice sites of skipped exons. Although we have shown that the ISE SNPs are enriched for cis-eQTLs and have identified an association of genotype with exon skipping in the HapMap samples (using the SI statistic), it is possible that our findings are limited by eQTL tissue specificity [@pgen.1002998-Nica1].

In this paper we propose a systematic approach to integrate sequence, expression and genetics data (genotype/phenotype) in order to elucidate the impact of genetic variations on exon skipping and their importance in complex traits and diseases. Discerning genetic regulation of splicing is undeniably critical for understanding abnormal or physiological changes in AS since the number of currently characterized human splicing regulators cannot alone account for the tremendous number of splicing events known to occur in humans. We have shown not only that intronic SNPs are associated with exon skipping events but also that these SNPs are associated with complex traits, and that they are predicted to result in protein domain changes. While additional studies are needed to fully understand the role that genetic variation in SREs may play in alternative splicing, as well as how much AS-associated genetic variation contributes to common disease, this study provides support for continuing such investigations.

Materials and Methods {#s4}
=====================

Identification of Exon Skipping-Associated ISE SNPs by *Ab Initio* Sequence-Based Data Analysis {#s4a}
-----------------------------------------------------------------------------------------------

### Intronic SNP data {#s4a1}

A list of SNPs and their genomic coordinates were obtained from the UCSC genome annotation database [@pgen.1002998-Fujita1] (snp129.txt.gz downloaded on 8/11/2010 from <http://hgdownload.cse.ucsc.edu/goldenPath/hg18/database/>). This file is compatible with SNP information from dbSNP build 129, which is available at <ftp://ftp.ncbi.nih.gov/snp>. To create a list of intronic SNPS, we selected SNPs annotated as "intron".

### Resource of intronic splicing enhancer {#s4a2}

Burge C. and colleagues previously developed methods to analyze the similarities and differences in the sequences and organization of splicing regulatory elements in humans (<http://genes.mit.edu/acescan2/index.html>) [@pgen.1002998-Yeo1]. Their method predicted hexamer ISE motifs and they provided 127 and 266 predicted ISEs respectively located near the 5′ splice site (ss) and the 3′ ss.

### Genome sequence {#s4a3}

For our human reference genome map, we used the March 2006 (NCBI36/hg18) genome sequence downloaded from the UCSC genome Center (<ftp://hgdownload.cse.ucsc.edu/goldenPath/hg18>).

### Identification of alternatively spliced exons {#s4a4}

A comprehensive AS gene dataset was compiled with four typical AS resources downloaded from UCSC genome browser (<http://hgdownload.cse.ucsc.edu/goldenPath/hg18/database/>, 8/11/2010) [@pgen.1002998-Kuhn1]: 1) mRNAs from GenBank [@pgen.1002998-Benson1], 2) Ensembl Gene Predictions [@pgen.1002998-Hubbard1], 3) AceView Gene Models [@pgen.1002998-ThierryMieg1], and 4) UCSC known genes [@pgen.1002998-Hsu1]. We utilized human genome alignment information from exons and introns to identify skipped exons by comparing all possible pairs of spliced transcripts for a given gene predicted by each AS model.

### Identification of SNPs associated with ISEs (ISE SNP) {#s4a5}

The sequences surrounding our intronic SNPs were extracted from the human reference genome assembly (hg18) by using, nibFrag, one of the Blat Suite programs [@pgen.1002998-Kent1] (downloaded from <http://users.soe.ucsc.edu/~kent/src/>). We obtained 5 bases upstream and downstream from the SNP\'s genomic location, producing an 11 base sequence for each given SNP\'s intron. To identify all possible 6-mer motifs that include the SNP of interest, each 11-mer sequence was fragmented into 6 individual hexamers by taking a 6 base long window that contained the SNP in the last position and successively shifting the frame upstream by one base at a time until the SNP was in the first position. All of the 6-mers with the embedded SNP were investigated using the predicted ISE motif sequences to identify whether each of the 6-mer scans of the 11-mer sequence is associated with an ISE motif. When the sequence of the intronic hexamers exactly matched one of the ISE motifs, the SNP was counted as an ISE SNP.

### Identification of exon skipping--associated ISE SNPs {#s4a6}

Using the genomic coordinates of the exons and introns of AS genes, we implemented the following steps: 1) AS variants of the gene embedding a given ISE SNP were extracted only if they occurred on the same strand as the SNP of interest. 2) Exons located adjacent to the intron in which the ISE SNP is embedded were examined. 3) The corresponding 3′ or 5′ exon (and splice site) was selected based on the location, upstream or downstream, respectively, of the ISE SNP in relation to the exon. 4) If the exon was found not to exist in at least one AS transcript isoform, this exon is defined as alternatively spliced. The first and last exons were ignored for exon skipping event identification since they by definition are not considered "skipped" or "included". Throughout the methods, of the 14,574,533 SNPs in dbSNP129, 448,515 SNPs were identified to be within ISE sites adjacent to predicted skipped exons and comprise 3% of all SNPs, 7.3% of intragenic SNPs, and 8.1% of intronic SNPs, respectively. These SNPs were evaluated for enrichment among human complex trait-associated SNPs characterized in the NHGRI GWAS catalog and human tissue-specific-associated SNPs derived from splicing quantitative trait loci (sQTL) [@pgen.1002998-Heinzen1].

Detection of Exon-Skipping Events from Exon Array {#s4b}
-------------------------------------------------

We obtained exon-level expression and cis-eQTL (p\<0.01) information from the SCAN database (SNP and Copy number Annotation database (<http://www.scandb.org>) [@pgen.1002998-Gamazon1]. The SCAN database serves the results of our eQTL studies; the initial dataset consisted of eQTLs for gene expression phenotypes assayed in HapMap LCLs (87 CEU and 89 YRI) using the Affymetrix GeneChip Human Exon 1.0 ST Array [@pgen.1002998-Duan1], [@pgen.1002998-Zhang2]. The Splicing Index (SI) statistic aims to identify exons whose inclusion rates differ relative to the expected value at the gene-level [@pgen.1002998-Inc1]. The SI statistic is calculated as the log-ratio of the normalized exon-level probeset intensity to the gene-level transcript cluster intensity in each sample. In our study, an exon is considered spliced if its SI is \>1.2 or \<0.8.

Integration of Expression-Derived Data with Sequence-Derived Data {#s4c}
-----------------------------------------------------------------

Mapping array-derived exons to splicing model-derived exons was done according to their genomic coordinates in order to identify exon skipping events found by the two distinct methods. By design, the exons tested in the array may not completely overlap the alternative splicing model-derived exons. To identify exons with evidence for exon skipping in both the expression array and the splicing models, we required that more than 95% of the length of an exon in the exon array overlap with more than 90% of the length of an exon identified in the AS model.

Cis-eQTL SNPs {#s4d}
-------------

As described previously, the eQTL data were downloaded from the SCAN database. The eQTLs SNPs [@pgen.1002998-Gamazon1], [@pgen.1002998-Nicolae1] that are within 4 Mb of target genes were defined as "cis-regulators" (cis-eQTL p\<0.01). The cis-eQTL data were used to derive the regulatory relationships between the ISE SNPs (cis-eQTL SNPs p\<0.01) and their associated mRNAs.

Calculation of Distance to the Nearest Exon {#s4e}
-------------------------------------------

The distance to the nearest exon of intronic SNPs was calculated using Ensembl Gene data (ensGene.txt.gz) and the SNP annotation file (snp129.txt.gz) downloaded from the UCSC genome browser, <http://hgdownload.cse.ucsc.edu/goldenPath/hg18/database/>. To calculate the distance from the ISE SNP to the skipped exon, we used our predictions of exon skipping from the Ensembl Gene data.

Enrichment Analysis Method Conditional on Minor Allele Frequency and Distance to Nearest Exon {#s4f}
---------------------------------------------------------------------------------------------

To conduct enrichment analyses [@pgen.1002998-Nicolae1], we generated 1000 random sets of SNPs matching either (a) the minor allele frequency spectrum or (b) both the minor allele frequency spectrum and distance to nearest exon of the SNP list of interest. The MAF information derived from the HapMap CEU population was used in our analyses, as most published GWAS to data have been conducted in populations of European ancestry. To test the exon-skipping ISE SNPs for enrichment of cis-eQTLs or trait-associated SNPs, the random sets were generated from intronic SNPs (based on dbSNP129 annotation).

Test for Association between SNP Genotype and Splicing Index {#s4g}
------------------------------------------------------------

We conducted statistical analysis for correlation of genotype with exon skipping using linear regression. To adjust for multiple testing, we calculated FDR using the q-value R package [@pgen.1002998-Storey1]. FDR\<0.10 was used as the statistical threshold for reporting results.

Location of Skipped Exons in Coding Regions and UTRs {#s4h}
----------------------------------------------------

To identify the locations of skipped exons in CDSs and UTRs as well as the protein domain encoded by these skipped exons, we used the Ensembl Human Genome Browser (<http://useast.ensembl.org/index.html>) [@pgen.1002998-Flicek1]. For those transcripts of our genes that include the skipped exons of interest, we choose the most reliable Ensembl transcripts that include our predicted skipped exons that have been annotated with known protein sequences or full-length cDNA. The protein summary page visualizing the mapping of coding regions of alternative exons onto protein domains was utilized for determining if our putative skipped exons encode protein domains.

Protein Structure Prediction and Comparison of Transcript Isoforms {#s4i}
------------------------------------------------------------------

We used I-TASSER [@pgen.1002998-Roy1] to predict the three-dimensional protein structures of transcript isoforms. The resulting I-TASSER models for a pair of isoforms were compared using TM-align [@pgen.1002998-Zhang3] to assess their structural similarity.

Analysis of Human Trait Associations {#s4j}
------------------------------------

To identify the correlation of ISE SNPs with known human trait-SNPs, two datasets were utilized: human trait-associated SNPs and LD *r^2^* scores (in CEU and YRI), downloaded from the NHGRI catalog (<http://www.genome.gov/gwastudies/>) and HapMap (<http://hapmap.ncbi.nlm.nih.gov/downloads/ld_data/latest/>) on Feb. 24 2011, respectively. We surveyed the LD *r^2^* scores between the trait associated-SNPs and our exon-skipping ISE SNPs.

Supporting Information {#s5}
======================

###### 

Enrichment of Exon Skipping--Associated ISE SNPs among Complex Human Trait-Associated SNPs. The distribution of the number of predicted exon-skipping associated ISE SNPs observed for each of the 1,000 random sets (each consisting of 3,353 SNPs, equal to the number of trait-associated SNPs) while conditioning on MAF (using HapMap CEU MAF data) and distance to the nearest exon is shown in the bar graphs. The actual number of 111 predicted exon-skipping ISE SNPs observed in the 3,353 SNPs from the NHGRI catalog is shown as a solid asterisk.

(PDF)

###### 

Click here for additional data file.

###### 

SNPs Located in Multiple ISE Motifs Are Not Associated with a Change in Exon Skipping Level. The y-axis is the absolute value of 1 minus SI (\|1-SI\|); here, a higher level of \|1-SI\| corresponds to a higher level of exon skipping. We tested the correlation of genotype with exon skipping. There was no statistical correlation found between each SNP and exon skipping.

(PDF)

###### 

Click here for additional data file.

###### 

ISE SNPs Are Not Likely to Be Closer to the Skipped Exon Than Intronic SNPs Are to Nearest Exon. P-value was calculated by using a two-sample Kolmogorov-Smirnov Test.

(PDF)

###### 

Click here for additional data file.

###### 

ISE SNP (rs12924138) in *CDK10*. (A) Gene structures and transcript isoforms are annotated as in RefSeq Genes and Ensembl Gene Predictions archive 54. The second exon was found to be skipped. The SNP rs129224138 was predicted to be at the fifth site in AGCCTG ISE motif sequence and to be associated with the second exon\'s skipping. (B) The substitution T\>G change the cis-acting sequence into a non cis-acting sequence. (C) Exon skipping level and splicing index ratio of the genotypes in the 176 HapMap samples.

(PDF)

###### 

Click here for additional data file.

###### 

Enrichment of ISE SNPs for Human Trait-Associated SNPs.

(PDF)

###### 

Click here for additional data file.

###### 

Structural comparisons of the Selected Four Pairs of Alternative Splice Isoforms in [Table 1](#pgen-1002998-t001){ref-type="table"}.

(PDF)

###### 

Click here for additional data file.
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